INTRODUCTION
The most important index of cardiovascular function is the output of the heart, and many of the measurements in anaesthetic and intensive care management are indirect ways of assessing it. Branthwaite and Bradley (1968) developed a convenient method of card.iac output measurement for clinical application, using thermal dilution. Previously, the only reliable method for clinical use was dye dilution using" Cardiogreen", but this has limitations which make it unsuitable for general application~its greatest disadvantage being the limited number of estimations that can be made. Now that a suitable technique is available, it should be used far more widely in the practice of anaesthesia and intensive care.
INDICATOR DILUTION PRINCIPLE
A known amount of indicator (q) is injected into the bloodstream. After thorough mixing in the heart, the blood is sampled continuously downstream, and the concentration of the indicator (C) is measured and plotted against time (t) . From this graph, the area under the curve (fCdt) can be determined and so the average concentration (C).
C=fC dt t The total amount of indicator passing downstream is the same as the amount injected (q) and equals the product of the average concentration and the volume of blood with which it is mixed (Q). Indicators which remain in the circulation interfere with the dilution curve, for recirculation occurs before the curve is completed, and complicated extrapolation of the curve is necessary. This can be done using a computer.
DYE VERSUS THERMAL DILUTION
In the dye dilution method, the indicator substance is injected into the venous circulation and sampled from the arterial circulation.
In the thermal dilution method, there is some loss of indicator (cold) during the passsge of the blood through the lung, and, in man, it is not satisfactory to inject into a peripheral vein and sample from the systemic arterial tree. The indicator substance (cold solution) must be injected into a central vein and sampled before passage through the lungs, after mixing in the heart, i.e. in the pulmonary artery. It is not necessary to withdraw blood to determine the dilution of the indicator substance; a thermistor in the distal end of a fine catheter records the change of temperature in the blood, from which the cardiac output is computed. The detecting catheter must be placed in the pulmonary artery. Although this might seem difficult and hazardous, it is relatively easy and safe, and has some advantages. From this catheter, a continuous record of pulmonary artery temperature and pressure is made, and true mixed-venous blood may be sampled for gas analysis. Pulmonary wedge pressures can be obtained with one type of catheter, and these can be equated with left atrial pressures.
A significant advantage of thermal dilution is that there is no recirculation to complicate the dilution curve. Thus a relatively simple and cheap computer can make the necessary calculations automaticaII~·. Further advantages are that multiple measurements can be made, and accurate estimations of end-diastolic-volume and stroke-volume are possible, the relationship of these two variahles being a good index of myocardial function.
TECHNIQCE OF THERMAL DILUTIOX
The technique was evaluated in the Anaesthetic Department of the Prince of \\'ales Hospital. We used a Devices Cardiac Output Computer* ( Figure 1 Bradley (1968) . They recommended that the injectate catheter be placed in a central vein in the vicinity of the right atrium, using the internal jugular vein as the preferred site of entry.
As the injectate catheter was not readily available in Australia, we used a 8 inch, 14 SWG Intracatht which had almost identical characteristics. The injectate catheter attached to a syringe (Varipetlt capable of delivering an accurately measured quantit\· of injectate is shown in Figure ; ~. Calculations carried out by the computer require a catheter of these dimensions to be used. If, however, a suitable vein for the placement of this catheter is not available, a longer catheter may be inserted from a more peripheral site, such as the ante-cubital vein, hut, if no corrections are made, there is some loss of accuracy. The detecting float catheter (internal diameter of {)·5 mm, external diameter of ()·(j2 mm-2 French gauge) contains a thermistor bead at its distal end. Pressure recordings are obtained through a side hole just proximal to the thermistor. The catheter is 110 cm long and can be floated into the pulmonary artery from any peripheral vein of sufficient size to allow the catheter to be advanced without difficulty. As many of the operations in which we used this technique involved extensive head and neck surgery, the catheter was introduced through the femoral vein. The vein was punctured with a 17 SWG needle-cannula combination (Dwellcath § or similar device), and, after withdrawal of the needle, the detecting catheter was advanced through the cannula. The flow of blood is sufficient to guide it towards the heart, through the chambers and into the pulmonary artery. Pressure was recorded during its introduction and is illustrated in Figure 4 .
An alternative system of catheters (Swan-Ganz)C; is available ( Figure 5 ). The injectate and detecting catheters are combined into one, § Tuta Laboratories, Lane Cove, Australia.
~I Edwards Laboratories, Santa Ana, Calif., V.S.A. Local distributors-:\lcGaw Industries (Australia). and an inflatable balloon near the tip aids its introduction. It contains a thermistor bead at its tip, immediately behind which is a side opening into a lumen in the catheter to measure pulmonary artery pressure. Another side hole 30 cm from the tip is designed to lie in the right atrium or thereabouts. This records right atrial pressure and is also the injectate site. When the catheter has been advanced tQ a central vein, the balloon is inflated with carbon dioxide or oxygen, and the flow of blood carries it through the heart and into the pulmonary artery. It is advanced until the pulsatile nature of the pulmonary artery pressure recording disappears. At this point, a pulmonary artery branch has been occluded, and the pressure is read. When the balloon is deflated, flow is recommenced and pulmonary artery pressure is displayed.
The injectate solution was.5 per cent Dextrose, a bottle of which was placed in a bowl of water at room temperature. A number of syringes was charged with this solution, capped and placed in the water. A further probe containing a thermistor (the injectate probe) was placed in FIGURE :!.-The fine float catheter (Devices) can be seen attached to a pressure transducer. The distal end is threaded through a 17G cannula (Dwellcath).
J A:'lES LOUGHMAN the bowl of water and fed to the computer the temperature of the injectate solution.
Formerly, solution near the melting of ice had to be used to obtain sufficient sensitivity, and it is a considerable advantage that the injectate solution need only be at room temperature. .\ny warming that might occur with long injectate catheters, handling of syringes, or delays in injecting was greatly exaggerated when iced water was used.
The catheter and probe were connected to the cardiac output computer, and the output was fed into a multi-channel recorder. As the injection of the solution was commenced, the computer was set to run, and the thermal dilution curve inscribed on paper. A ty-pical curve is shown in Figure ti , and three serial determinations are shown in Figure 7 . The time for integration was set so that it included the full duration of the cur\"e. In a health,' heart, this is normally about 10 seconds. After this time, the cardiac output in litres per minute was read directly off a metn on the face of the computer.
A very significant advantage of thermal dilution is that the ratio stroke-volumefenddiastolic-volume can be estimated. Figure H shows how this is computed. The curve decays in a geometric progression, and a point is chosen such that the ratio afb is constant on two consecutive decays.
This ratio is strokevolume/end-diastolic-volume.
The strokevolume is a.erived from the cardiac output and rate, and the end-diastolic-volume can be calculated from the above ratio.
A recorder is not necessary for cardiac output measurements, as the integration time can be deri\'ed from the incremental temperature meter on the computer. However, it is a distinct advantage to see the dilution curve, and the stroke-\'olulllC,enu-diastolic-volullle ratio requires a recording. ' CmIP,\RISOX OF THE DEVICES AX!J SW,\N-GAXZ CATHETER SYSTE:'!S Both catheter sy-stems have acl\'antages and diqch·antages. The S"'an-Ganz catheter allows pulmonary "'edge pressures and thus left atrial FH;!'RE 3.-TIll' injeclatC' catheter sh(nI'n here is a I:? incll, I~(; " Intracath " and is attache(] to a :\[anostat \"tripet Syringe which is capable of dclivcring a consistent"· accurate quantity of solution at high speed.
The injcctate ('mpcrature probe is shown immediately abm'c . pressure to be measured; this cannot be done with the Devices catheter. The Swan-Ganz catheter combines both the injectate and detecting catheter, whereas in the Devices system these are separate. However, the injectate catheter can subsequently be used as a central venous line, and most of the patients requiring cardiac output estimations need this. Furthermore, the injectate catheter opening is a fixed distance from the tip in the Swan-Ganz catheter, making it unsuitable for children.
Because of the large area of the inflated balloon presented to the blood flow, one might expect the introduction of the Swan-Ganz catheter into the heart under low flow states to be easier. However, the Devices catheter is very fine and soft, and requires little force to direct it towards the heart. Changing from wedge pressure to pulmonary artery pressure by deflating the balloon does give positive identification of the placement of the catheter. .TAMES LOUGHMAN When the balloon is inflated, it covers the tip of the Swan-Ganz catheter, preventing it from stimulating the sensitive outflow tract and greatly reducing the incidence of extrasystoles. Before the Devices catheters were available, we used slightly stiffer and larger float catheters to obtain mixed venous samples from the pUlmonary artery. Using these, the incidence of extrasystoles and even ventricular tachycardia was alarmingly high, though they were all temporary. A recording made during the introduction of one of these catheters is seen in Figure 9 . In our experience there have been no significant , :'1 .. :;:: FIGURE 7.-From above down, the recordings are: pulmonary artery pressure, thermal dilution curves, pulse rate, ECG and systemic arterial pressure. During this stable state, the three dilution curves gave estimations of cardiac output at 4· 0, 4·1 and 3·9 litres/min. Note ho\\' rapidly measurements can be repeated.
disturbances associated with the use of the very fine Devices catheter. The Swan-Ganz catheter is radio-opaque; while the Devices catheter is too small to be seen on fluoroscopy, it can be seen by filling the lumen with a radio-opaque dye. Using float catheters, it is not necessary to check the position of the catheter by fluoroscopy, as this can be ascertained by the pressure readings. Physicians are likely to feel more at home with radioopaque catheters, as cardiac catheterization is invariably carried out under fluoroscopy, though this need not influence others.
The larger lumen of the Swan-Ganz catheter allows frequencies up to 25 Hertz to be recorded from the pulmonary artery; the Devices catheter gives a linear response to 8 Hertz, satisfactory for the identification of its position in the pulmonary artery.
FIGURE
S.-Calculation of stroke-volume/enddiastolic-volume ratio. Two decays are selected so that the ratio alb is the same. This ensures that no further cold injectate is being added to the ventricular volume. The ratio a/b is stroke-volume/enddiastolic-volume, and here it is about O' 4.
The larger size of the Swan-Ganz catheter carries a number of additional disadvantages. It is usually inserted by cut-down, though it may be introduced through a very large-bore needle. The Devices catheter can be inserted through a ] 7 SWG cannula. The chilling of the Swan-Ganz catheter during injection may be responsible for a considerable delay in the dilution curve returning to its baseline, because of its large mass causing a heat-sink effect. A further disadvantage of this heat-sink effect is that it is often not possible to see the clearcut decays on the thermal dilution curve, which makes it impossible to estimate stroke-volumejenddiastolic-volume ratio.
One would expect greater safety with the Devices catheter when leaving it in place over a period of days, though I know of no evidence to support this.
Finally, the Devices catheters are supplied in a sterile pack, precalibrated and ready for direct Anaesthesia and Intensive Care, Vol. I, 11,'0. 5, August, 1973 connection to the computer. The Swan-Ganz catheters, although sterile and precalibrated, are not normally supplied in a condition to be used without modification with this computer. They can be obtained in a matched condition, but the price is nearly twice that of the Devices catheter. , ) FIGURE 9.-0Ider type float catheters produced many arrhythmias. At the beginning of the recording, the float catheter is in the right ventricle. Before it eventually enters the pulmonary artery, gross disturbances of rhythm and function are seen.
ACCURACY
The correlation of this technique with other techniques is extremely good. Comparison has been made between this and the cardiac output estimation using the Fick principle by Branthwaite and Bradley (1968) . Reproducible figures are obtainable in the one preparation, and this can be seen from Figure 7 , where, under stable conditions, three estimations gave readings of 4, 4·1 and 3'9 litres per minute. We always did three consecutive estimations, and expected reproducibility of this order.
COMPLICATIONS
Stimulation of the ventricular endocardium while catheterizating the pulmonary artery may induce ventricular extrasystoles, ventricular tachycardia, or even ventricular fibrillation. Using the modern float catheters, this is most unlikely. We have encountered nothing beyond an occasional extrasystole.
Damage to the heart valves or thrombosis of the pulmonary arteries has not been reported, though a pulmonary artery has been perforated by a Swan-Ganz catheter (Chun and Ellestad 1971) .
Knotting of the catheter is a feared complication, particularly if it occurs within the heart, as has been reported with cardiac catheters (Johansson, Malstrom and Ugglia 1954, Lipp, O'Donoghue and Resnekov 1971) . Figure 10 is a photograph of a catheter that we were unable to withdraw from the femoral vein after failing to catheterize the heart; it illustrates such a knot. We believe we now know why these knots occur. They are sold by the manufacturers in a pre-packed sterile condition, and are supposedly for one use only. Their price dictates that, in this country at least, more than one use is desirable. Great care must be taken when preparing these for repackaging. Stretching of the catheter will stretch the wires within, and the catheter, on returning to its original length, will kink. It should advance along the vein with ease, and if any obstruction is encountered, it should be withdrawn partly and advanced again.
Rupture of the balloon on the Swan-Ganz catheter carries little risk on the right side of the lungs, particularly if carbon dioxide or oxygen is used.
The introduction of infection is no more likely using these catheters than it is with the introduction of central venous lines. FIGURE 1O.-A knotted catheter that could not be withdrawn without opening the femoral vein.
CONCLUSION
Cardiac output measurement is a long overdue diagnostic aid. The thermal dilution technique is now a useful and practical method, which can be performed with little more skill and knowledge than is required to introduce central venous catheters and to measure pressures-a skill already acquired by anaesthetists and intensive therapists.
We have found it to be a satisfactory method, and, as yet, to be free of any serious complications. Much more experience in this field is necessary before a true evaluation of its worth is possible, but it promises to be a major advance.
